Aims The sedge genus Carex, the most diversified angiosperm genus of the northern temperate zone, is renowned for its holocentric chromosomes and karyotype variability. The genus exhibits high variation in chromosome numbers both among and within species. Despite the possibility that this chromosome evolution may play a role in the high species diversity of Carex, population-level patterns of molecular and cytogenetic differentiation in the genus have not been extensively studied. † Methods Microsatellite variation (11 loci, 461 individuals) and chromosomal diversity (82 individuals) were investigated in 22 Midwestern populations of the North American sedge Carex scoparia and two Northeastern populations. † Key Results Among Midwestern populations, geographic distance is the most important predictor of genetic differentiation. Within populations, inbreeding is high and chromosome variation explains a significant component of genetic differentiation. Infrequent dispersal among populations separated by .100 km explains an important component of molecular genetic and cytogenetic diversity within populations. However, karyotype variation and correlation between genetic and chromosomal variation persist within populations even when putative migrants based on genetic data are excluded. † Conclusions These findings demonstrate dispersal and genetic connectivity among widespread populations that differ in chromosome numbers, explaining the phenomenon of genetic coherence in this karyotypically diverse sedge species. More generally, the study suggests that traditional sedge taxonomic boundaries demarcate good species even when those species encompass a high range of chromosomal diversity. This finding is important evidence as we work to document the limits and drivers of biodiversity in one of the world's largest angiosperm genera.
INTRODUCTION
The sedge genus Carex (Cyperaceae), with .2000 species (Reznicek, 1990) , is one of the four largest angiosperm genera worldwide (Judd et al., 2007) . It has a centre of diversification in the cold and temperate areas of the northern hemisphere, where it is the most diversified angiosperm genus (Escudero et al., 2012a) . Several recent studies have illuminated important mechanisms that shape Carex population genetic structure: isolation-by-distance (Escudero et al., 2010b; Gehrke and Linder, 2011; Jiménez-Mejías et al., 2011) ; long-distance dispersal or vicariance (Schönswetter et al., 2008; Escudero et al., 2009 Escudero et al., , 2010b Gehrke and Linder, 2011; Jiménez-Mejías et al., 2011 ; self-compatibility and high selfing (Whitkus, 1988a; Friedman and Barrett, 2009; Escudero et al., 2010b; Arens et al., 2005) ; and chromosome differentiation (Whitkus, 1988a; Hipp et al., 2010; Escudero et al., 2010a; Jiménez-Mejías et al., 2011) . Chromosome evolution has received particular attention (Hipp et al., 2009a) and has long been suggested to be an important driver of lineage diversification in Carex (Heilborn, 1924; Hipp, 2007; Escudero et al., 2010a Escudero et al., , 2012a Chung et al., 2012) . Despite this fact, we have little understanding of whether or not population genetic patterns arise as a function of chromosome diversification in the genus. Previous studies on reproductive isolation between Carex species indicate that chromosomal differences do not play a deterministic role, but, instead, genetically determined pre-or post-mating barriers may be the norm (Whitkus, 1988a (Whitkus, , b, 1991 (Whitkus, , 1992 . More recent studies suggest that chromosome rearrangements in sedges have a cumulative effect on intraspecific gene flow and a potential role in speciation (Escudero et al., 2010a; Hipp et al., 2010) . Understanding how these components of genetic differentiation correlate and/or interact is key to understanding the biodiversity of temperate zone's largest angiosperm genera.
Holocentric chromosomes -chromosomes with diffuse rather than solitary, localized centromeres -have been reported from sedges and rushes (Cyperaceae and Juncaceae, which together form a clade) and five other angiosperm clades, as well as scattered clades in the algae, bryophytes, Rhizaria, nematodes, velvet worms and arthropods (Mola and Papeschi, 2006; Hipp et al., 2013) . Diffuse centromeres allow rapid evolution of chromosome rearrangements via fission (agmatoploidy), fusion (simploidy) and translocations (reviewed in Hipp et al., 2009a) . Consequently, Carex exhibits a nearly continuous range of chromosome numbers (2n ¼ 12-124; Roalson, 2008; Hipp et al., 2009a; Rotreklová et al., 2011) and substantial chromosome variation within many species (Ohkawa et al., 2000; Roalson, 2008; Escudero et al., 2010a) . In monocentric chromosomes, chromosome fragments without centromeres are unable to segregate normally, which will result in a loss of genetic material and probably inviable gametes. In holocentric chromosomes, diffuse centromeres allow that all fragments segregate normally during meiosis, and eventually changes in chromosome number may become stabilized through backcrossing or selfing, or even crossing among individuals that have undergone convergent rearrangements (Luceño, 1994) . Moreover, non-bivalent associations of holocentric chromosomes often segregate normally during meiosis, reducing the selective pressure against fissions and fusions of chromosomes (Faulkner, 1972; Luceño, 1993) . A diffuse centromere thus has the potential to reduce or eliminate the underdominance of chromosome rearrangements, allowing them to become fixed at a higher rate than in organisms with monocentric chromosomes.
Chromosome rearrangements in monocentric chromosomes have been shown to limit gene flow (Rieseberg et al., 1995 (Rieseberg et al., , 1999 Noor et al., 2001a Noor et al., , b, 2007 Machado et al., 2002 Machado et al., , 2007a Navarro and Barton, 2003a, b; Ayala and Coluzzi, 2005; Basset et al., 2008; Lowry and Willis, 2010) , but it is not well known how rearrangements in holocentric chromosomes affect gene flow patterns. In at least two Carex species, deep genetic breaks are absent within the species despite the fact that interpopulational estimates of cytogenetic difference and molecular genetic distance for those same species are positively correlated (Hipp et al., 2010) . Similarly, cytogenetic study of a cytogenetically diverse butterfly species suggests that chromosome diversity has arisen within the species from 8500 to 31 000 years ago (Lukhtanov et al., 2011) . These findings suggest that chromosome rearrangements may not be sufficient for speciation in holocentric organisms, but they may nonetheless contribute to genetic differentiation between populations. It is not known, however, whether cytogenetic diversification affects population genetic structure within holocentric organisms. It is also not known whether cytogenetic diversity arises frequently within populations and then goes to fixation, or is shared among populations due to migration. Stated another way: are chromosomally variable sedges cohesive species in which genes can migrate relatively freely among populations, or collections of populations that are all differentiated and more or less reproductively isolated from one another?
In this study, we present population-level sampling of molecular genetic markers [simple sequence repeats (SSRs) or microsatellites] and chromosome counts in Carex scoparia Schkuhr ex Willdenow to investigate the patterns of genetic structure among and within populations. We quantify patterns of cytogenetic and molecular genetic variation at regional (within the greater Chicago region, ,350 km maximum pairwise distance) and local scales (within populations), to investigate patterns of genetic connectivity among populations, and evaluate the relative effects of geographic distance and cytogenetic differentiation on gene flow. Our findings demonstrate that in spite of cytogenetic differentiation among and within populations, there is both isolation-by-distance and migration among populations separated by .100 km, and genetic admixture within individuals, suggesting a history of gene flow between populations.
Our demonstration of genetic connectivity between karyotypically divergent populations in the species is a finding of theoretical and practical significance in the evolution of biodiversity in one of the world's largest and most ecologically widespread angiosperm genera.
MATERIALS AND METHODS

Study species
Carex scoparia (Carex sect. Ovales, Cyperaceae) grows in wet to occasionally dry, open habitats, often in sandy and/or acidic soils. The species is distributed across much of the northern half of North America at low elevations (0 -2000 m), predominantly in eastern North America, and ranges in chromosome number from 2n ¼ 56 to 2n ¼ 70 (Mastrogiuseppe et al., 2002) . A previous study (Hipp et al., 2010) based on chromosome counts and amplified fragment length polymorphism (AFLP) genotypes of exemplars from each of 35 populations across a large portion of the species' distribution demonstrated that there are no strong molecular genetic disjunctures within C. scoparia sensu stricto (s.s.), though there is strong separation between C. scoparia and C. waponahkikensis M. Lovit & A.Haines (Lovit and Haines, 2012) , previously known as C. scoparia var. tessellata Fernald & Wiegand. It also demonstrated that chromosome rearrangements (conservatively estimated as differences in chromosome number) explain 5 . 3 % of the population genetic variance in the species, approximately equal to the proportion of genetic variance explained by geographic distance. A recent study of chromosome number and genome size in the species based on the Midwestern populations we are using in the present study demonstrated that chromosome number variation in C. scoparia evolves via fission, fusion and possibly by translocations, rather than by duplication and deletion of chromosomes (Chung et al., 2011) .
Sampling
Samples for this study come from 461 individuals representing 22 populations of the greater Chicago region in the Midwestern USA (Fig. 1A) , and two additional populations from upstate New York (Table 1) . The Chicago region sample includes 5 -28 (mostly 15 -24) individuals per each of 22 populations in south-eastern Wisconsin, north-eastern Illinois and northwestern Indiana. Samples were collected from the widest spatial range practical at each site visited. For the cytogenetic study, we sampled 3 -6 individuals from each of the Chicago and Northeast populations, 82 individuals in total (Table 1) . Forty-one new chromosome counts are presented in this study and 41 counts were previously published (Chung et al., 2011) . All counts were performed following the technique of Cooperrider and Morrison (1967) , as described by Rothrock and Reznicek (1996) , Hipp et al. (2010) and Chung et al. (2011) .
DNA extraction and SSR protocols
Eleven SSR primer pairs (Hipp et al., 2009b) were used for the present study. For two of the loci (S177 and S102), the forward primer had an M13 tail attached to the 5' end to allow for labelling with 6-FAM fluorescent-labelled M13 primers (Schuelke, 2000). All other primer pairs had the forward primer directly labelled using 6-FAM. PCRs (21 mL) consisted of approx. 1 -10 ng of genomic DNA, 1× MgCl 2 -free PCR buffer, 2 . 5 mM MgCl 2 , 0 . 2 mM each dNTP, 0 . 4 mg mL 21 bovine serum albumin (BSA), 0 . 16 mM labelled M13 primer, 0 . 16 mM reverse primer, 0 . 04 mM forward primer (with an M13 tail) and 0 . 65 U of Taq DNA polymerase (GoTAQ, Promega, Madison, WI, USA). Thermal cycling regimens for M13-labelled primer pairs were as follows: 94 8C for 4 min; 35 cycles of 94 8C for 30 s, T a 8C for 30 s (see T a for each primer in Hipp et al., 2009b) , 72 8C for 45 s; followed by eight cycles of 94 8C for 30 s, 53 8C for 30 s, 72 8C for 45 s; and a final extension at 72 8C for 10 min. Multiplex PCR was used for the remaining nine primer pairs, with the following PCR modifications: the forward primer for each locus was separately labelled, all primers were diluted to 0 . 01 mm (0 . 02 mm for S047), MgCl 2 was diluted to 2 . 0 mm, BSA was not used, and the final round of eight PCR cycles at Ta ¼ 53 8C was not used. PCR products and ROX-labelled GeneFlo 625 (CHIMERx, Milwaukee, WI, USA) size standard were suspended in formamide before running on an ABI3730 DNA Analyzer. Fragment analysis was conducted using GeneMapper version 4.0 (Applied Biosystems, Carlsbad, CA, USA).
Analyses I: genetic structure
Allele frequency and diversity were analysed using Genalex v.6 (Peakall and Smouse, 2006) . For the entire data set at the population level as well as for a sub-set of individuals with known chromosome number (individual level), we calculated D a genetic distances (Nei's chord distance; Nei et al., 1983) from allele frequencies and used the resulting distance matrix to create Neighbor -Joining (NJ) trees. We assessed the reliability of the tree using 1000 non-parametric bootstrap replicates. Analyses were performed using MSA v. 4.05 (Dieringer and Schlötterer, 2003) and the NEIGHBOR and CONSENSE packages of Phylip v.3.7 (Felsenstein, 2007) . A single-level analysis of molecular variance (AMOVA) for the Chicago region sample was performed in Genalex v.6, with individuals nested within populations (Peakall and Smouse, 2006) . For each population in the Chicago region sample, we estimated molecular genetic diversity across loci using average observed heterozygosity (H O ), gene diversity (H S ) and inbreeding coefficient (F IS ) (Genalex v.6, Peakall and Smouse, 2006) . Mean chromosome number and chromosome variance in each population were also calculated, once including and once excluding migrants inferred using BAPS analyses, as described below.
Two model-based clustering approaches were used to identify population genetic structure within our data set: BAPS version 5.3 (Corander et al., , 2008 , which uses stochastic optimization in a Bayesian approach to find optimal population partitions under the assumption of random mating within populations; and STRUCTURE v2.3.2.1 (Pritchard et al., 2000) , which uses Markov chain Monte Carlo (MCMC) to recover a posterior probability distribution of population partitions and population genetic parameters, assuming HardyWeinberg equilibrium and random mating within populations. In STRUCTURE analyses, we utilized the admixture, correlated allele frequencies model, using sampling locality as a population clustering prior ('LOCPRIOR' model; Hubisz et al., 2009) . The local prior model is recommended for low genetic sampling within individuals or limited genetic structure. It provides an estimate of the importance of locality or other clustering prior to the clusters recovered in the posterior distribution and is robust to violations of the local prior. At the same time, the method is more sensitive to population structure when population structure in the data is not strong (Hubisz et al., 2009) , making it well suited to data sets such as ours (11 SSR loci in this study). The allele frequencies parameter (l) was estimated in an initial set of three independent runs, assuming K ¼ 1 population, then set at the converged-upon value for all subsequent analyses per software recommendations. STRUCTURE simulations were run from K ¼ 20 to 30 populations, with three replicates per run. We also ran analyses with the same parameters but no local prior for comparison and to evaluate whether our estimate of K (population number) is influenced by use of the local prior model, which it should not be (Hubisz et al., 2009) . We studied the pattern of gene flow between our 24 geographic populations by running a BAPS admixture clustering analysis based on pre-defined population partitions, the 24 geographic populations. Minimum allowable population size was set at five individuals (the minimum population sampling in our data set), the number of iterations that were used to estimate the admixture coefficients for the individuals was 100 (as recommended in the manual), the number of reference individuals from each population was three and the number of iterations used to estimate admixture coefficients for the reference individuals was 20 (as recommended in the manual). We used Plot Gene Flow (Tang et al., 2009) to visualize gene flow events between populations. BAPS calculates simulation-based P-values for admixture coefficients under the null hypothesis of no admixed ancestry (Corander and Marttinnen, 2006) . In this study, we apply a significance threshold of P , 0 . 01.
Analysis II: estimating population divergence times
To estimate divergence time between the Midwest (424 individuals) and Northeast (37 individuals) populations, we chose a random sub-set of 84 individuals from the Midwest sample, representing all populations. The size of the random sub-set was chosen to obtain a similar population sample size in the Chicago region and Northeast. We analysed only the five loci for which we could assume a stepwise mutation model (S181, S87, S180, S145 and S175), as these five microsatellite loci display a size pattern variation proportional to the motif size (Ohta and Kimura, 1973) . We used the isolation-with-migration (IM) model implemented in the program IMa Nielsen, 2004, 2007) . The two-population IM model estimates gene flow and divergence times between two populations that are assumed to be descended from a common ancestor and exchanging genes only between themselves. In our previous work (Hipp et al., 2010) , the Northeast and Midwest populations come out as independent groups (with the exception of population 3466), and in our current study the upstate New York populations separate distinctly from the populations of the Chicago region (bootstrap support ¼ 96 %; Fig. 2) . Moreover, both the Midwest and Northeast populations are on sites that were under ice ,20 000 years ago during the last glacial maximum (LGM) (Dyke et al., 2002) and were probably colonized from a common pool of relictual and ancestral southern populations. However, the assumption that these populations are exchanging genes only with (Strasburg and Rieseberg, 2010) . Nonetheless, divergence time estimates presented in this study should be interpreted cautiously. We used IMa to estimate (1) the marginal posterior probability densities of the population parameters of divergence time, t, where t ¼ Tm, with T being the time in years, and m the mutation rate (mutation locus 21 year
21
, assuming a 1 year generation time); (2) population differentiation indices of the ancestral population (u A ) and the two extant lineages (u 1 and u 2 ), where u ¼ 4N e m for diploid autosomal loci and N e is the effective population size; and (3) the migration rate for each population, m 1 and m 2 , where m is the migration rate per mutation rate (m ¼ m/m), and m 1 ¼ m 1 /m and m 2 ¼ m 2 /m. Priors used in 30 alternative IMa analyses conducted with one chain and for 2 . 5 million steps after a burn-in period of 0 . 1 million steps were as follows: u 1 ¼ 100, u 2 ¼ 100,
Final runs were conducted with estimated maximum value of parameters, 4 -50 chains, 15 million steps and a previous burn-in period of 5 million steps, saving a total of 10 000 genealogies. We ran our analyses increasing the number of chains (4, 8, 15, 30 and 50) until Markov chains reached stationarity. At this point, the chains are presumed to sample from the true parameter posterior distribution. We used a geometric mode for selecting heating levels in Markov chains as recommended for .30 chains. We ran the 50 chain analysis three times to ensure convergence of parameter estimates across runs. We used a mutation rate range of 3 × 10 25 locus 21 year 21 to 6 × 10 24 locus 21 year
, with a mean of 2 × 10 24 locus 21 year
. This range was chosen based on microsatellite mutation rates in two cereal crops, durum wheat and maize (Thuillet et al., 2002; Vigouroux et al., 2002) . These mutation rates were estimated using mutation accumulation experiments and have been used in previous IMa analysis with Carex species (King and Roalson, 2009 Escudero et al. -Species coherence in a cytogenetically diverse sedge 520 levels. For analyses at the population level, we estimated pairwise genetic distances following Nei et al. (1983) , great circle geographic distances using the Haversine formula (Sinnott, 1984) , and cytogenetic differences as the pairwise absolute difference between mean chromosome number for each population. We assessed the relative contribution of geographic distance and cytogenetic differences to the variance in genetic distance using partial Mantel tests (Mantel, 1967; Smouse et al., 1986; Hipp et al., 2010) . This approach estimates the partial effect of each predictor X i on a response Y, holding all other X i constant, and as such is analogous to multiple or partial regression. The significance of the partial coefficients of determination was estimated using 1000 Mantel permutations for each analysis.
At the individual level within populations, we calculated the Pearson product moment (Pearson's r) between pairwise genetic distances and pairwise cytogenetic differences for each population, and used the average r as our test statistic. The Type-I error probability was estimated by permuting individuals within populations 10 000 times, calculating the null distribution of rasthe mean rover populations, and comparing observed mean r with the null distribution to obtain a two-tailed P-value. Individual-level analyses were conducted on data including all sets of individuals ('full' data set) and excluding individuals estimated to have ,100 % of their genome originating within the population ('no migrants' data set). Analyses were conducted within R 2.13.0 using the multiple Mantel test implementation in the morton project (http://r-forge. r-project.org/projects/morton).
RESULTS
Genetic structure
Allele frequency and diversity statistics are summarized in Supplementary Data Table S1 . The population-level NJ tree exhibits strong support for separation of the 22 Midwestern populations from the two New York populations (96 % bootstrap support; Fig. 2 Data Fig. S1 ). Gene flow analysis from BAPS admixture analysis based on the pre-defined partition of 24 geographic populations suggests that 66-100 % of genetic variance within each population is due to intrapopulation gene flow. Almost all interpopulation gene flow vectors .4 % (4-8 %) connect populations separated by .50 km (Fig. 1B) . Whether this result reflects actual rates of gene flow or noise in the data bears additional study with more markers. Following BAPS documentation, in order to make this kind of admixture analysis reasonable, pre-defined clusters should be genetically distinct. However, our pre-defined clustering is based on geographic rather than genetic criteria. Nevertheless, when we cluster populations (not individuals) using BAPS mixture analysis (from K ¼ 2 to K ¼ 30), the optimal number of clusters is 23, and each cluster contains one geographic site, with the exception of Michigan City/IN CR 900N and Soldiers Memorial Park, which also clustered together in the NJ tree. STRUCTURE (MCMC) analyses estimate the number of populations at K ¼ 28 under the local prior model and K ¼ 30 populations under the non-local prior model ( posterior probability .0 . 999 for both models). As the number of sampling populations was 24, analyses were not conducted for values of K .30, and the optimal estimate of K may be .30. However, addition of populations above K ¼ 24 does not appear to aid in interpreting population structure or sub-structure, but only increases within-individual molecular genetic diversity. For ease of interpretation, and because none of our conclusions or interpretations depends on precisely estimating K, we present only the K ¼ 24 analysis results under the local prior and non-local prior models (Fig. 3) . The estimate of the sampling informativeness parameter (r ¼ 3 . 750 + 0 . 222 in our study, whereas r ≤ 1 would suggest that locality is a good predictor of genetic grouping), congruence between the local prior and no local prior models, and visual inspection of the population genetic structure suggests that there is considerable migration among sampling sites. For four populations sampled (Long John Slough, Lansing Woods, Indiana Dunes -Mnoke Prairie and Soldier Park), the local prior model suggests less population admixture based on visual inspection (Fig. 3) . All other populations show qualitatively similar patterns of sub-structure and admixture under both analysis models (Fig. 3A vs. 3B) .
The AMOVA for the Chicago region sample with two hierarchical levels apportions 32 % of the total genetic variance to among-site variation and 68 % to variation within populations. Gene diversity ranges from 0 . 000 to 0 . 593 (0 . 395 + 0 . 016, mean + s.e.) and observed heterozygosity ranges from 0 . 000 to 0 . 318 (0 . 099 + 0 . 007). Inbreeding estimated as F IS is high, ranging from 0 . 315 to 1 . 000, with a mean value of 0 . 724 + 0 . 017 (Table 1) . Diploid chromosome number ranges from 2n ¼ 60 to 2n ¼ 69 in our data set. Mean population diploid chromosome number ranges from 63 . 2 to 68 (mean ¼ 65 . 8) and population variance in 2n ranges from 0 . 00 to 5 . 58 (mean ¼ 1 . 90) with migrants included, and from 0 . 00 to 6 . 33 (mean ¼ 2 . 03) with migrants excluded.
Divergence time between populations
The IM a analysis was run until effective sample sizes were between 50 and 100 and the visual inspection of maximum likelihood graphs suggested adequate convergence and mixing of the Markov chains (50 chains). The best estimate of divergence time was t ¼ 0 . 2356 (Table 2) , which, based on t ¼ Tm, corresponds to a divergence time of 1178 years [95 % confidence interval (CI) 714 -3850 years; hereafter in this paragraph, ranges in parentheses are 95 % CIs)]. While our 1 year generation time may be an underestimate, as it is based on observations in the greenhouse and in garden settings ( pers. obs.), even assuming a 2 or 3 year generation keeps the upper bound on our divergence time CI under 12 000 years. Differentiation rates were estimated as (Table 2) .
Correlations among chromosome divergence, genetic divergence and geographic distances
Chromosome number difference and geographic distance jointly explain 11 . 4 % (multiple R 2 ) of the total variance in molecular genetic variance among the 22 Midwest populations. Almost all of this variance is explained by geographic distance ( partial r ¼ 0 . 334, two-tailed P ¼ 0 . 024 based on 1000 Mantel permutations). Among populations, there is essentially no correlation between chromosome number difference and genetic differentiation (partial r ¼ 0 . 041, two-tailed P ¼ 0 . 373 based on 1000 Mantel permutations). This same result is supported by simple Mantel tests at the population level, suggesting that the result is not due to spatial autocorrelation in chromosome numbers (cf. Fig. 1A) . At the individual level, only considering pairwise distances within populations, there is significant average correlation between genetic and chromosome distance when we consider populations with at least five individuals sampled for both chromosome counts and genotype (mean population r ¼ 0 . 375 + 0 . 141, two-tailed P ¼ 0 . 028; n ¼ 5 populations), while if we consider all populations with at least four individuals sampled for both chromosome counts and genotype (mean population r ¼ 0 . 165 + 0 . 119, two-tailed P ¼ 0 . 167; n ¼ 12 populations) or at least three individuals (mean population r ¼ 0 . 100 + 0 . 126, two-tailed P ¼ 0 . 433; n ¼ 18 populations) the average correlation is not significant. Excluding migrants from populations increases this correlation (for populations with at least four individuals, r ¼ 0 . 275 + 0 . 143, two-tailed P ¼ 0 . 047, n ¼ 9 populations; for populations with at least five individuals, r ¼ 0 . 477 + 0 . 143, two-tailed P ¼ 0 . 015, n ¼ 4 populations).
DISCUSSION
Population genetic structure
Populations from the Midwest exhibit detectable population genetic structure (Fig. 3) , though the estimate of the sampling Escudero et al. -Species coherence in a cytogenetically diverse sedge 522 informativeness parameter (r ¼ 3 . 750 + 0 . 222 in our study, whereas r ≤ 1 would suggest that locality is a good predictor of genetic grouping) and visual inspection of the population genetic structure suggest considerable mixing among populations. The AMOVA results, according to which 32 % of molecular variance is apportioned among populations, support this finding. Patterns of gene flow based on admixture BAPS analysis similarly demonstrate that the majority of gene flow is from each population to itself (mean value 89 %, 66-100 %; Fig. 1B) . Nevertheless, many population pairs exhibit significant rates of gene flow (P ≤ 0 . 01), such that 4 -8 % of the total molecular variation within several populations is due to migration from populations 50-100 km distant (Fig. 1B) . Geographic proximity plays a significant role in rates of gene flow within the region (among-population partial r ¼ 0 . 334 with chromosome number as a covariate; two-tailed P ¼ 0 . 024 based on 1000 Mantel permutations), while the BAPS analysis suggests that long-distance dispersal is not uncommon in the species. It is very difficult to know whether individuals with the same number of motif repeats actually share that number by descent. The presence of the same apparent allele in populations separated by .100 km could indicate long-distance gene flow or it could indicate independent mutations. Nevertheless, most of our inferred gene flow events involve more than one of our 11 microsatellites markers, reducing the possibility that what we are observing is homoplasy rather than gene flow. In fact, C. scoparia have small, lightweight, winged propagules ( perigynia), which have a high potential for dispersal and colonization. This potential for occasional long-distance dispersal may help explain the previous report that, at broad geographic scales, the effect of chromosome differences on genetic differentiation does not attenuate with increasing geographic distance in either C. scoparia or the western North American C. pachystachya (Hipp et al., 2010) . While we do not know what the long-term effect of these migrations is, our findings suggest that interpopulation migration at regional scales has the potential to play an important role in species cohesion despite high chromosome variation.
Carex scoparia exhibits a genetic signature of high inbreeding (F IS ¼ 0 . 315 -1 . 000; Table 1 ). These results are congruent with previous estimates of high selfing rates in Carex from studies based on hand pollinations and isozyme work (Whitkus, 1988a; Ohkawa et al., 2000; Friedman and Barrett, 2009 ) and microsatellite data (Escudero et al., 2010b; Arens et al., 2005) . It is also in line with published summary data on population genetic parameters of plants based on microsatellite data (Nybom, 2004 Chromosome mutations have a higher probability of becoming fixed in selfing populations (Ohkawa et al., 2000; Arens et al., 2005; Friedman and Barrett, 2009; Escudero et al., 2010b) , which can overcome the effects of selection in removing underdominant mutations from the population (Coyne and Orr, 2004; Gavrilets, 2004) . The high chromosome variation we observe in Carex may thus be a consequence of those mutations being close to neutral mutations, as chromosome fission and fusion do not result in changes of genome size (Haldane, 1932; Chung et al., 2011 Chung et al., , 2012 ; and/or relatively high fixation rates in inbreeding populations. Our observations of high chromosome number variation in combination with significant population structure, inbreeding and at least occasional long-distance dispersal support the role of inbreeding as an explanation for fixation of chromosomal variants in sedges by drift, without providing evidence for or against the role of selection.
Cytogenetic variation and gene flow patterns within populations
In this study, we estimate the age of the divergence between Northeastern and Midwestern populations at 1178 years ago (95 % posterior distribution 714-3850; Table 2 ), post-dating the LGM by at least 10 000 years (Dyke et al., 2002; Saeki et al., 2011) . This period is significantly shorter than our previous estimate of a maximal average waiting time between chromosome rearrangements of 52 095 years (95 % CI ¼ 20 223 -103 065 years; Hipp et al., 2010) , and it raises the question of how rapidly chromosome evolution proceeds in the species. The AFLP tree of individuals presented previously (Hipp et al., 2010) makes it impossible to rule out multiple origins of the Midwest populations sampled in this study. Similarly, in the current study, we cannot distinguish positively between two alternative (though not mutually exclusive) explanations for chromosomal diversity: (1) chromosome evolution within populations on very short time scales on one hand; and (2) ancestral chromosomal polymorphism and ongoing interpopulation migration on the other. Our finding of a positive correlation between molecular genetic distances and chromosome number differences within populations, while weak, is intriguing. This result might come about by one of at least two processes. First, it may be that cytogenetic diversity arises within populations and leads to molecular genetic diversification. Thus, we may be looking at the origins of population sub-division. To test this hypothesis, we would need to demonstrate molecular genetic differentiation between cytogenetically differentiated sub-populations, while also demonstrating that those subpopulations are together differentiated from other nearby populations in the area. On the other hand, populations that have higher rates of gene flow with other populations may simply exhibit both higher molecular genetic diversity and higher cytogenetic diversity, which would presumably also lead to a positive correlation between cytogenetic and molecular genetic diversity within populations. In our study, we find a higher correlation between cytogenetic differences and molecular genetic distances when we exclude migrants from analysis, which is evidence against this second hypothesis. However, our sample sizes for this test are quite small. Distinguishing between these alternative explanations for the relationship between cytogenetic and molecular genetic diversity will require more chromosomal data within populations.
Our study does provide preliminary evidence for rapid chromosome evolution as suggested by (1) chromosome differences among individuals with identical genotypes and (2) different chromosome numbers within one individual in this study (Table 1) . This agrees with previous findings of different Escudero et al. -Species coherence in a cytogenetically diverse sedge 523 cytotypes among pollen mother cells of single anthers (Schmid, 1982; Luceño, 1992) and the previous report that cytogenetic mutations in Carex are much faster than ITS (internal transcribed spacer) mutations (Escudero et al., 2008) . In combination with our result of a correlation between cytogenetic and molecular genetic divergence both within (current study) and among (Hipp et al., 2010) C. scoparia populations, this highlights the potential for chromosome diversification to drive molecular genetic diversification in sedges.
Conclusions
Our study demonstrates (1) the presence of chromosomal diversity within and among populations and (2) interpopulation gene flow between populations as a function of distance rather than of chromosome number differences. These findings complement our previous demonstration that chromosome rearrangements do not cause deep genetic breaks within the species (Hipp et al., 2010) to provide important evidence that this karyotypically diverse sedge species is genetically cohesive. The study also provides what we believe to be the first evidence that holocentric chromosome divergence influences population genetic structure at fine scales, suggesting that chromosome rearrangements may influence genetic structure within populations without driving strong genetic divergence between local populations. The role of chromosome evolution in speciation in this diverse genus remains a potent question.
From an applied standpoint, our study implies that we have good reason to be confident in estimates of species numbers in Carex that are based largely on ecological, biogeographic and morphological observations, the data of traditional taxonomy. Understanding the structure of biodiversity from the perspective of the clade or the community demands a valid estimate of species richness.
S UPPLE MENTARY DATA Supplementary data are available online at ww.aob.oxfordjournals.org and consist of the following. Table S1 : summary of allele frequency and diversity statistics. Figure S1 : NeighborJoining tree from the D a distance matrix of 80 individuals from the Chicago region sample for which chromosome numbers were counted.
